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Abstract
The goal of this thesis is to investigate the possibilities of building a GHz
compatible circuit that will allow high frequency measurements with a
Scanning Tunneling Microscope. In this frequency range, many
interesting properties of materials could be accessed, as for example shot
noise in the tunneling current. The main problem in these kinds of
measurements is the mismatch between the very high impedance of the
tunneling junction and the 50 Ω impedance of the measurement circuitry,
which causes the high frequency signal to be reflected back. Here, two
solutions to this problem - lumped and distributed impedance matching -
are theoretically described and simulated in order to determine their
advantages and disadvantages. Lastly, a distributed resonating circuit is
built and measured, with the purpose of investigating potential
difficulties in distributed circuits on a PCB.
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Chapter1
Introductive theory
Usually noise hinders scientific experiments, and all sorts of measures are
taken to reduce it. However sometimes noise has its perks. In 1909 Al-
bert Einstein realized that electromagnetic fluctuations vary depending
on the carrier of the energy. The magnitude of these energy fluctuations
scales linearly with the mean energy if carried by classical waves, but it
scales with the square root of the mean energy if carried by classical parti-
cles. Because electrons can be described by either phenomenon - exhibit-
ing particle-wave duality - fluctuations in electrical current can diagnose
which of the two aspects has the upper hand, and in turn for example de-
termine properties of the material conducting the electromagnetical fields
[1]. Noise due to electrons behaving as discrete particles is called shot
noise.
In this thesis we will explore how to measure shot noise using a Scan-
ning Tunneling Microscope (described in 2.1). Difficulties arise due to a
number of factors. Shot noise is for example not the only source of noise
found in electronic setups.
The main sources of noise in electronics measurements are flicker noise
(1/f noise), Johnson-Nyquist noise (thermal noise) and shot noise. If we
want to study shot noise, we need to isolate it by reducing the other two
sources. Their noise spectral densities are described by: [2]
S f licker =
αI2
f
Sshot = 2eI
Sthermal =
4kBT
R
with tunneling current I, electron charge e, Boltzmann constant kB, tem-
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perature T and resistance of the tunnel junction R. The parameter α de-
pends on various properties of the system and in an STM typically varies
between 10−3 and 10−6 [2].
Figure 1.1 shows the noises plotted as a function of frequency, for α =
10−3, I = 1 nA, T = 4.2 K and R = 1 GΩ. It can be observed that for
circuitry operating at low frequencies, 1/f noise dominates. At above 2
MHz however, shot noise will play the most significant role. It is essential
to preform high frequency measurements at low temperatures in order to
study shot noise.
Figure 1.1: Relation between noise spectral density and frequency of measure-
ments. The total noise is for the most part comprised of thermal noise, shot noise
and 1/f noise (flicker noise).
The core problem that this thesis addresses is that of impedance mis-
matches. The solution to this problem up to a measurement frequency
of 1 GHz is discussed in Section 2.2.1. High frequency measurements
however open the door to an entirely different approach using transmis-
sion line theory, which will be discussed in Section 2.2.2. Measuring at
these high frequencies and using this approach might lead to an improved
bandwidth over lower frequency approaches, the possible use of GHz am-
plifiers, and will allow for the exploration of measurements in the GHz
regime.
4
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Chapter2
Scanning Tunneling Microscopy
and Impedance matching
2.1 Scanning Tunneling Microscopy
Scanning Tunnelling Microscopy (STM) is a technique used for imaging
on the atomic scale. Developed in the early 80’s of the twentieth century, it
was the first technique able to image and manipulate single atoms within
materials [3]. It works by applying a bias voltage between a sample mate-
rial and a metallic tip (See figure 2.1). This induces a direct current (DC),
the tunneling current, caused by electrons tunneling through the tunnel
junction. Figure 2.2 shows a simplified version of the tunnel junction cir-
cuit.
Figure 2.1: Schematic representation of the working principle of an STM. The tip
scans over the surface of the sample material to precisely map out height varia-
tions. Reproduced from [4].
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RL
Vout
CL
Itunnel
Figure 2.2: Simplified circuit diagram of an STM tunnel junction. RL is the resis-
tance of the tunnel junction, CL accounts for the capacitance of the tunnel junc-
tion. A tunnel current Itunnel is induced by the bias voltage applied to the tunnel
junction.
A major limitation of STM measurements lies in the fact that the tech-
nique measures DC currents, but for the investigation of shot noise the
ability of measuring high frequency alternating currents (AC) is needed.
High frequency measurements are not trivial in STM due to the large tun-
neling resistance and the unavoidable capacitance between tip and sam-
ple. This capacitance becomes more influential at higher signal frequen-
cies.
2.2 The challange of impedance matching
Just like sound waves that partially reflect when they go from one medium
to another whose densities are not equal, electrical waves will be (par-
tially) reflected with reflection coefficient Γ whenever they travel from a
medium with one impedance to a medium with another impedance. This
results in a loss of signal that can be avoided by matching the impedances
of the two media. Solving this problem is particularly important in STM
because there is a great difference between the impedance of the tunnel
junction and the impedance of the measurement circuitry.
Impedance, usually denoted by the letter Z, is the complex equivalent
of resistance. It takes into account the resistance of an electrical element as
well as the phase changes that the element might induce on an alternating
signal - the reactance. Several quantities are commonly used throughout
impedance calculations. They are defined the following way:
Z = R + iX (2.1)
Y = G + iB (2.2)
Z = Y−1 (2.3)
6
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<(Z) = R =(Z) = X <(Y) = G =(Y) = B
with Z = impedance, R = resistance, X = reactance, Y = admittance, G =
conductance and B = susceptance. <(x) and =(x) mean the real and imag-
inary part of x respectively.
In high frequency circuitry, instead of single conducting wires, trans-
mission lines are used. They consist of two conductors that carry the signal
together, one of them connected to the ground. This setup is necessary
to carry the electromagnetic waves of the fluctuating signal. Transmission
lines themselves have a characteristic impedance, an impedance which is in-
dependent of the length of the line. Usually this characteristic impedance
is manufactured to be 50 Ω, the same as the impedance of most analyzing
circuitry.
Vs
Z0 = 50Ω Γ ←↩→
ZL
Figure 2.3: Transmission line (represented by the cylinder) with a characteristic
impedance Z0 terminated in a load of impedance ZL, both impedances are pro-
vided power by source voltage Vs.
The reflection coefficient Γ at the load of a circuit (see figure 2.3) is
related to the impedance of the load and the characteristic impedance of
the line connected to the load as:
Γ =
Vre f lected
Vincoming
=
ZL − Z0
ZL + Z0
(2.4)
Evidently, if the transmission line terminates in a short circuit (ZL = 0)
then the reflection is 1, or 100%, meaning that all is signal reflected. If Z0 =
ZL, the reflection is 0 and all signal will go into the load, meaning that
nothing is lost. This condition can be satisfied by matching the impedances
of the load and the line. There are many ways to match impedances. The
general idea will be described in the next sections.
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2.2.1 Matching with lumped elements
Lumped circuits consist of ”ordinary” electrical elements such as capaci-
tors or inductors. In lumped circuitry, matching impedances is done by
using so-called L- or Π-sections. L-section matching is done by adding
two purely reactive elements, inductors or capacitors, in series and paral-
lel to the load impedance. The name L-section comes from the shape of
the circuit (similarly, a Π-section looks like a Π). There are two possible
configurations of the L-section, both drawn in figure 2.4.
Configuration A : Vs
Z0 = 50Ω
Z2
Z1
ZL
Γ ←↩→
Configuration B : Vs
Z0 = 50Ω Z1
ZLZ2
Γ ←↩→
Figure 2.4: Reactive elements Z1 and Z2 are added to the circuit to match the load
impedance to Z0. If <(ZL) < Z0 (same as RL < R0) configuration A needs to be
used, if <(ZL) > Z0 (same as RL > R0) configuration B is required
The first condition for impedance matching is that the total impedance
of the matching circuit Ztotal should equal the source impedance Z0 so the
reflection coefficient Γ becomes zero, as seen in (2.4). The equations that
follow from this condition are:
if ZL < Z0 (configuration A)
Z0 = Ztotal =
(
1
Z2
+
1
Z1 + ZL
)−1
(2.5)
if ZL > Z0 (configuration B)
Z0 = Ztotal = Z1 +
(
1
Z2
+
1
ZL
)−1
. (2.6)
8
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Secondly, Z1 and Z2 , which are purely reactive elements, meaning
<(Z) = 0, should be chosen in such a way that the matching circuit has
no residual reactance, because Z0 is purely resistive (meaning =(Z) = 0).
Otherwise the impedances would also be mismatched. Only at one cho-
sen frequency can the second condition be satisfied, because of the depen-
dency of the reactance of the elements on signal frequency, which can be
seen in equation (2.7).
Analysis of the configurations for the two conditions gives us the fol-
lowing solutions:
if RL < R0
X1 = ±
√
RL(Z0 − RL)− XL
X2 = ±
√
(Z0 − RL)/RL/Z0
if RL > R0
X2 =
XL ±
√
RL/Z0
√
R2L + X
2
L − Z0RL
R2L + X
2
L
X1 =
1
X2
+
XLZo
RL
− Z0
X2RL
with RL = <(ZL) , R0 = <(Z0) and XL = =(ZL), X1 = =(Z1) and
X2 = =(Z2).
The values for the reactive elements to put in place of Z1 and Z2 can be
found using:
C = − (Xω)−1 or L = Xω−1. (2.7)
These equations are a result of the fact that Zcapacitor = (iωC)−1 and
Zinductor = iωL. C and L need to be positive numbers, thus negative re-
actances will be replaced by a capacitor, whilst positive reactances will be
replaced by an inductor.
2.2.2 Matching with distributed elements (stubs)
As explained in Chapter 1, high frequency measurements will allow us to
investigate shot noise with an STM. However, if we want to explore the
possibilities of building a GHz range circuit, lumped circuitry will have
its downside. The wavelength of a 2 GHz signal traveling through copper
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lines is around 5 cm, similar to the size of the electrical circuitry in an
STM1. Lumped circuits are built under the assumption that voltage and
current do not vary greatly over the physical dimensions of the circuit.
The small wavelength of GHz signals however no longer allows for this
assumption. A 2 cm lumped circuit cannot operate at frequencies higher
than 1 GHz.
For anything above this, another approach to electronics is needed; that
of the distributed network, where voltages and currents may vary in mag-
nitude and phase throughout the system. Signals are analyzed by treating
them as a waves [5].
Because of the fact that in high frequency circuits the voltage and cur-
rent amplitudes vary over the dimensions of the transmission lines, the
impedance of the load also changes depending on what distance z from
the load it is measured, Zin(z).
The general solutions for voltage and current on a transmission line
are:
V(z) = V+0 e
−γz +V−0 e
γz
I(z) = I+0 e
γz + I−0 e
−γz
with γ = α + iβ, where α is the attenuation constant of the line, β = 2piλ
and λ is the wavelength of the signal. The e−γz term represents wave
propagation in the +z direction and eγz represents the -z direction.
Voltage, current and characteristic impedance on the line are related as:
V+0
I+0
= Z0 =
−V−0
I−0
.
If the voltage and current on the line are a result of the reflection of
waves off a load impedance ZL, then:
V−0 = ΓV
+
0 and I
−
0 = −ΓI+0
V(z) = V+0
(
e−γz + Γeγz
)
I(z) =
V+0
Z0
(
e−γz − Γeγz) .
1For this number we assumed the velocity of the waves to be approximately 13 c. The
real velocity will depend on the physical characteristics of the used waveguides. We will
discuss this more in-dept in Chapter 4.
10
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The impedance and reflection of the load as seen from position z = −l
becomes: [5]
ZL,in(−l) = V(−l)I(−l) = Z0
eγl + Γe−γl
eγl − Γe−γl . (2.8)
Using (2.4) this can also be written as:
ZL,in(−l) = Z0 ZL + Z0tanh(γl)Z0 + ZLtanh(γl) . (2.9)
The attenuation constant dictates the loss of the line. For now it is
assumed to be zero in our calculations: γ = iβ. Therefore:
ZL,in(−l) = Z0 ZL + iZ0tan(βl)Z0 + iZLtan(βl) . (2.10)
A stub impedance matching circuit is the analogue of an optical in-
terferometer where destructive interference cancels reflected waves [6].
Matching is done by adding an extra line ending in impedance ZS and
of length l to the circuit, at a distance d from ZL (figure 2.5). This extra line
is called a stub and it is usually ended either short or open. The lengths d
and l are chosen such that the reflected signals interfere destructively and
therefore disappear.
For ZS = 0 (short stub, the stub end is connected it to ground):
ZS,in =
1− e−2iβl
1+ e−2iβl
Z0 = iZ0 tan(βl) as Γ = -1.
For ZS = ∞ (open stub, the stub is connected to nothing):
ZS,in =
1+ e−2iβl
1− e−2iβl Z0 = −iZ0 cot(βl) as Γ = 1.
Short and open stubs make elements of purely imaginary impedances,
which we can use for matching. We will integrate thus an open trans-
mission line, or a shorted transmission line into our circuit. The total
impedance of the load and stub combined again needs to be equal to Z0 in
order for the impedances to be matched.
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Z0 = 50Ω Γ ←↩→
l
d ZL
Figure 2.5: Example setup of a parallel stub tuning circuit. It uses a short stub of
length l. The length of the transmission line to ZL is called d. [5]
For example, if there is a load impedance of ZL that needs to be matched
to an impedance of Z0 using a stub in parallel with the load (as in figure
2.5), this means that:
Z−1stub + Z
−1
L = Z
−1
0 .
Algebraic analysis ([5] Chapter 5) gives us the solutions to this prob-
lem. We find d to be:
d
λ
=

1
2pi
arctan(t) for t ≥ 0
1
2pi
(pi + arctan(t)) for t < 0
and l to be:
ls
λ
=
1
2pi
arctan
(
Y0
BL
)
for a short stub (2.11)
lo
λ
=
−1
2pi
arctan
(
BL
Y0
)
for an open stub, (2.12)
with:
BL =
R2Lt− (Z0 − XLt)(XL + Z0t)
Z0(R2L + (XL + Z0t)
2)
(2.13)
t =
XL ±
√
RL((Z0 − RL)2 + X2L)/Z0
RL − Z0 (2.14)(
Y0 =
1
Z0
ZL = RL + iXL YL = Z−1L = GL + iBL
)
.
12
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Chapter3
Simulations of impedance
matching circuits
There are multiple examples of groups who developed high frequency cir-
cuitry compatible with high load impedances. DiCarlo (2006) et al. [7]
developed a circuit for measuring shot noise in a quantum point contact,
using lumped elements to create a resonator. A similar circuit suitable
for STM measurements has been developed in our group last year. This
approach has thus far allowed for measurements in the MHz range. Sec-
ondly Kemiktarak et al. [8] created a tuning circuit for STM using lumped
elements. In his thesis Kemiktarak achieves impedance matching using
a Π-circuit, which we will examine in this Chapter. Hellmu¨ller et al. [6]
created a GHz system for quantum dot measurements using stub tuning
elements. We will also try to apply the Hellmu¨ller approach to STM.
The equivalent circuit of an STM is shown in 2.2. In the following sim-
ulations we consider typical values for the junction capacitance and resis-
tance of CL = 30 fF and RL = 100 MΩ. Fluctuations in these values due to
noise can be harmful and they are taken into account. At high frequencies
in particular, changes in the capacitance value are a big influence on the
total STM impedance, given to be:
ZSTM =
(
1
RL
+ iωCL
)−1
.
Therefore we assume the resistance to vary between 50 MΩ and 150 MΩ,
and the capacitance to have much smaller variations of 10−4. The STM
impedance for capacitance fluctuations at a constant resistance (R = 100
MΩ) is plotted in figure 3.1, as well as with the impedance for a changing
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14 Simulations of impedance matching circuits
tunnel junction resistance where CL is kept at 30 fF. This shows that the
influence of the capacitance noise is much greater than influence of the re-
sistance.
In this Chapter we will compare several impedance matching circuits.
Their performance is judged by their response to noise fluctuations in the
tunnel junction capacitance and their response to the variations in tunnel
junction resistance, as well as the bandwidth the circuits allow for.
3.1 Attributes of the tunnel junction
The total impedance of the STM as a function of frequency is plotted in
figure 3.2.
Figure 3.1: Influence of the tunnel
junction noise on ZSTM at 1 GHz.
Figure 3.2: Real and imaginary parts
of ZSTM with respect to frequency,
CL = 30 fF and RL = 100 MΩ.
It is clearly visible that slightly before the 100 kHz mark, the reac-
tance of ZSTM (imaginary part) overtakes the resistance (real part). At 1
GHz the resistance has also decreased from 100 MΩ to below 1 Ω. Both
of these things make it hard to detect the tunnel junction resistance, be-
cause impedance matching is possible only if the load impedance, in our
case ZL = ZSTM, has a positive real part [5], which at this frequency is
about five orders of magnitude smaller than the imaginary part of the
impedance.
3.2 Lumped matching circuits
1 GHz is chosen as resonance frequency for the lumped circuit simulations
because, as mentioned in Section 2.2.2, it is one of the highest frequencies
up to which a lumped circuit of a few cm in size can function. ZZTM is
placed at ZL.
14
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3.2.1 L-section
Using the equations from Section 2.2.1, the arrangement in figure 2.4 was
found to be a functioning matching circuit for our STM. It uses configura-
tion A from figure 2.4 because at f = 1 GHz, RL < R0.
Z0 = 50Ω Γ ←↩→
C
L
ZL
Figure 3.3: L matching circuit. L = 8.4494× 10−7H and C = 4.2307× 10−11F.
The plot of this circuit with respect to frequency is shown in 3.11.
3.2.2 Π-section
For big impedance steps, it is also possible to cascade multiple L-sections.
Two L-sections can form a Π-section in which the first L-section matches
the line impedance to an intermediate value, while the second one matches
the intermediate impedance to the load. The intermediate impedance value
should be around ZI =
√
Z0 × ZL.
At f = 1 GHz, ZL = 0.281 − 5605i Ω, so ZI = 364 − 364i Ω. Both
configuration A and B from figure 2.4 are used to match with this ZI ,
because when matching the line to the intermediate value RI > R0 and
when matching the intermediate value to the load RL < RI . The two L-
sections we chose to put together have parallel capacitors C1 and C2, so
for convenience their capacitances are added together into one capacitor
C3 (C1 + C2 = C3). The complete circuit is shown in 3.4.
Z0 = 50Ω Γ ←↩→
L2
C3
L1
ZL
Figure 3.4: Example of a Π matching circuit.
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The difference between a Π- and an L-circuit is in their number of de-
grees of freedom. A Π-circuit requires the same matching conditions as
the L-circuit, Rtotal = R0 and Xtotal = X0 = 0, but has three elements to
chose impedances for. This leads to two equations with three unknown
variables, meaning that there is an extra degree of freedom to pick the
reactive elements to our liking, or to their availability. For the circuit in
figure 3.4 the matching equation is:
Z0 = Ztotal = iωL2 +
(
iωC3 +
1
iωL1 + ZL
)−1
. (3.1)
Solving equation (3.1) for L1 and L2 with respect to C3 gives us the
relations between the variables, which are plotted in figure 3.5.
Figure 3.5: Values of L1 and L2 with respect to C3
There are no solutions for a C3 that is greater than approximately 42.3
pF. Figures 3.6 to 3.9 show the reflection graphs of several Π-circuits, with
noise from CL (the tunnel junction capacitance), for which the values of
the reactive elements were calculated in the same way as the values from
figure 3.5.
For greater values of C3, the reflection graph clearly has better band-
width. The relation between bandwidth and the value of C3 is shown in
figure 3.10. Towards C3 = 1 pF the bandwidth growth for increasing C3
seems to slow down, and a maximum is approached.
16
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Figure 3.6: Reflection graph for C3 =
0.1 fF, with noise from CL
Figure 3.7: Reflection graph for C3 =
10 fF, with noise from CL
Figure 3.8: Reflection graph for C3 =
1 pF, with noise from CL
Figure 3.9: Reflection graph for C3 =
42.3 fF, with noise from CL
Figure 3.10: Bandwidth of the re-
flection graphs with respect to used
value of C3
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How much the resonance frequency shifts due to the CL noise depends
on the frequency the circuit is tuned to. The circled point in the previous
figures points out the reflection of a signal at the chosen resonance fre-
quency for a maximal CL noise. As CL fluctuates randomly, the signal gets
reflected with a coefficient between this value and zero. Therefore the dif-
ference between the reflection value at this point and the reflection value
for no noise is a measure of how well the Π-section performs. We call this
difference ∆ΓCL.
It can be observed that for the Π-section ∆ΓCL does not depend on the
value of C3 (it is 0.686 for all circuits). Therefore that is not of our concern
in the choice of matching circuit elements. An optimal bandwidth can be
achieved for C3 = 1 pF, L1 = 871.57 nH and L2 =362.86 nH.
3.2.3 Comparison
Figure 3.11: Reflection of the L-
matching circuit with respect to fre-
quency.1
Figure 3.12: Reflection of the Π-
matching circuit with respect to fre-
quency.2
The two lumped matching circuits seem to have similar reflection graphs,
so let us now compare the two. In 3.13 the graphs are plotted together
showing barely any differences. The slight deviation is most probably due
to the rounding off of the reactive element parameters. Their bandwidth
is 61 kHz.
1L = 8.4494× 10−7H and C = 4.2307× 10−11F
2L1 = 8.7157× 10−7H, L2 = 3.6286× 10−7H and C3 = 1× 10−12F
18
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Figure 3.13: Both reflections of the L- and Π-sections.
Next we will compare how changes in the tunnel junction parameters
will affect the reflection of the circuit (Figures 3.14 and 3.15). All graphs
shown for the two matching sections are the same. We conclude that both
these circuits behave in exactly the same way, only differing in the fact that
the Π-circuit has a degree of freedom for choosing the element variables.
In Chapter 5 a summary comparing the Π- and L-section is given.
Figure 3.14: Comparison of the response of the L- andΠ-section reflection graphs
to varying the resistance of the tunnel junction
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Figure 3.15: Comparison of the response of the L- andΠ-section reflection graphs
to varying the capacitance of the tunnel junction
3.2.4 Inductor resistance
A source of noise in the lumped circuits is the resistance of the inductors.
Figure 3.16 shows the simulated effect of that resistance on the reflection
graph of the L-section. It is modeled as a resistor in series with the induc-
tor. Figure 3.17 shows the value of the reflection graph minimum with re-
spect to the value of the resistance. Greater values of this resistance have a
negative impact on the reflection graph by increasing the reflection at res-
onance, which is opposite from what the matching circuit tries to achieve.
Figure 3.16: Effect of inductor resis-
tance on the reflection graph of the
L-section
Figure 3.17: Minima of the L-section
reflection graphs with respect to in-
ductor resistance
Figures 3.18 and 3.19 show the effect of varying the tunnel junction
variables on the reflection graph of an L-section that has an inductor resis-
tance of 1 Ω. The difference between the reflection at resonance of these
graphs, ∆ΓCL for the tunnel junction capacitance and ∆ΓRL for the tunnel
20
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junction resistance, illustrates the influence of the tunnel junction variables
on the measurements. Ideally ∆ΓCL is smaller than ∆ΓRL.
They are plotted with respect to inductor resistance in figure 3.20, where
they are scaled by the transmission1 at resonance without noise to illus-
trate the fluctuations in reflection relative to the transmission. A greater
inductor resistance lowers both ∆ΓCL and ∆ΓRL, but also increases ∆ΓRL
relative to ∆ΓCL. Their ratio is plotted in figure 3.21. It appears that a
greater inductor resistance can be used to our advantage to reduce the
∆ΓCL. Not shown here, the simulations of the Π-section showed the same
behavior.
Figure 3.18: Response of the L-
section reflection graph with an in-
ductor resistance of 1 Ω to varying
the resistance of the tunnel junction
Figure 3.19: Response of the L-
section reflection graph with an in-
ductor resistance of 1 Ω to varying
the capacitance of the tunnel junc-
tion
Figure 3.20: ∆ΓRL and ∆ΓCL, scaled
with the transmission for no noise,
with respect to inductor resistance.
Figure 3.21: Ratio of ∆ΓRL and ∆ΓCL
with respect to inductor resistance.
1Transmission = 1 - reflection.
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3.3 Distributed matching circuits
In this Section about distributed circuits, matching will be attempted at a
frequency of 5 GHz and higher. We do this because the associated wave-
length of a signal of 5 GHz is around 2 cm. Transmission lines of that
length fit more easily in an STM head than lines of 10 cm, the length asso-
ciated with 1 GHz signals.
3.3.1 Short series stub
Z0 = 50Ω Γ ←↩→
l
d ZL
Figure 3.22: A stub matching circuit. We will place ZSTM at the load ZL
.
First we simulate a series matching circuit with a short stub, as shown in
figure 3.22. Using the equations from Section 2.2.2, the stub lengths are
calculated to fit our parameters. Figure 3.23 and 3.24 show the difference
between matching at 1 and 5 GHz (stublengths mentioned in the figures
are in meters). The higher frequency gives us more bandwidth. For both
frequencies the length of the stub needed to match the load (l) is only a
few micrometers. This is quite low for our purposes, since the width of
the transmission lines will be at least around 100 µm, making the stub of a
negligible length.
Figure 3.23: The reflection graph of
the short series circuit tuned at 1
GHz
Figure 3.24: The reflection graph of
the short series circuit tuned at 5
GHz
22
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Looking at how variations in the length of these stubs affect the reflec-
tion of the circuit (see figure 3.25), it is visible that missing the ideal stub
length by only a tenth of a µm will result in a reflection frequency shift of
approximately 100 kHz. This is an undesirable effect.
Figure 3.25: Varying the lengths d and l by ± 100 nm
3.3.2 Varactor series stub
Z0 = 50Ω Γ ←↩→
l
Varactor diode ↗ Vd
d ZL
Ct
Lt
Figure 3.26: A tunable stub matching circuit
A solution to the problem of too short stubs is to end the stub not open or
short, but for example by a capacitor. This allows the length of the stub to
be shifted. The proposed circuit is shown in figure 3.26, where instead of
a capacitor, a varactor diode is placed at the end of the stub, following the
idea of Hellmu¨ller et al. [6]. The varactor diode functions as a capacitor
of which the capacitance value can be adjusted by applying a bias voltage.
The bias voltage in this case comes from Vd. Lt and Ct together form a
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bias tee3 so that the varactor diode can be powered with DC while the AC
signal goes to the ground. We ignore these elements in our calculations
and assume the capacitor to be connected to the ground.
The stub is thus chosen to be terminated by the imaginary stub impedance
ZS = iXS = −i(wCvar)−1 of the capacitor Cvar and not a zero or infinite
impedance like the short or open stub. The appropriate length of this type
of stub can be derived algebraically. Our initial matching condition is:
Z0 = Ztotal = (ZS(l)−1 + ZL(d)−1)−1
(or Y0 = Ytotal = YS +YL) .
This can be converted to a much simpler matching equation in the fol-
lowing way:
Ytotal = GS + GL + i(BS + BL)
=Z0 = 0 = =Ztotal ⇒ =Ytotal = 0
=Ytotal = BS + BL = 0
BL = −BS.
The previously calculated expression for BL (equation 2.13) can be used
to find the length of the stub:
ZS(l) = Z0
iXS + iZ0tan(βl)
Z0 − XStan(βl) = iZ0
XS + Z0tan(βl)
Z0 − XStan(βl)
BL = −BS = −=(Z−1S ) =
1
Z0
Z0 − XStan(βl)
XS + X0tan(βl)
l
λ
=
1
2pi
arctan
(
1− BLXS
BLZ0 + XS/Z0
)
. (3.2)
It is easy to notice that if XS had either been zero or infinity, (3.2) would
have reduced to respectively equations (2.11) and (2.12). The graphs in
figures 3.27 and 3.28 show the reflection of the circuit for two different
values of Cvar.
3A bias tee is a configuration to split the AC and DC parts of a signal. Signals of low
frequency (DC) pass most easily through the inductor, signals of high frequency (AC)
pass though the capacitor.
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Figure 3.27: The reflection graph of
a varactor circuit at 5 GHz. Tuned
with a varactor diode of 800 fF
Figure 3.28: The reflection graph of
a varactor circuit at 5 GHz. Tuned
with a varactor diode of 80 pF
We consider two different values for the capacitance of the varactor
diode, respectively 800 fF and 80 fF. The first value follows the reference
of Hellmu¨ller, while the second value is chosen in the range of easily com-
mercially available varactor diodes (typically between 1 pF and 100pF). If
Cvar = 800 fF, both stub lengths are required to be a few millimeters. If Cvar
= 80 pF, the load stub is of similar size, but the tuning stub is 27 µm - a size
we would like to avoid. It is immediately noticeable that the bandwidth of
the reflection graph depends on the value of Cvar. Figure 3.29 takes a closer
look at the influence of the varactor capacitance on the bandwidth of the
reflection. Bigger values of Cvar result in greater bandwidth, but above a
turning point the bandwidth no longer significantly improves. Below a
certain turning point there is also no more decrease in bandwidth.
Figure 3.29: Bandwidth the varactor matching circuit with respect to the chosen
value Cvar, at 5 GHz.
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Figure 3.30 shows the relation between Cvar and the length of the stubs
at 5 GHz: the length d does not depend on Cvar, while higher values of Cvar
require a shorter tuning stub. The yellow line represents a cutoff at 1 mm,
below which the stub becomes too short to be practically implemented.
This corresponds to Cvar = 1.87 pF. The greatest bandwidth thus achiev-
able at 5 GHz is 2614 Hz with Cvar = 1.87 pF. Table 3.1 shows maximal
bandwidths for various frequencies and Cvar values.
Figure 3.30: Length of the tuning stubs with respect to Cvar.
Frequency (GHz) Bandwidth (Hz) Cvar(pF) d (mm) l (mm)
1.0 678 48.63 24.84 1.052
3.0 1766 5.337 8.180 1.045
5.0 2614 1.874 4.848 1.045
10.0 4220 0.4132 2.349 1.046
15.0 5640 0.1451 1.517 1.031
21.2 7539 0.03594 1.028 1.006
Table 3.1: Highest achievable bandwidth at a frequency, for which the stubs are
longer than 1 mm.
The maximal bandwidths seem to scale linearly with the tuning fre-
quency. Above 21.2 GHz there are no more varactor matching circuit op-
tions that have stubs longer than 1 mm, therefore 7539 GHz is the highest
possible bandwidth overall. The varactor diode for this circuit would need
to be only 36 fF, which is very small and similar to the value of the capaci-
tance of the STM.
We consider Cvar = 36 fF and a resonance frequency of 21.2 GHz to
see how deviations in stub lengths affect the reflection graph. As seen in
26
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figure 3.31 on the left, the resonance frequency of the circuit shifts by 900
kHz if the length of the stubs deviates by a 0.1 µm. Using Cvar = 1.874
pF and a resonance frequency of 5 GHz for the figure on the right, the
resonance frequency of the circuit shifts 70 kHz if the length of the stubs
deviates by a 0.1 µm. The shift that occurred in the circuit without the
varactor (figure 3.25) was approximately 100 kHz. We can conclude that
even if the varactor diode helps in making stub lengths easier to realize,
the sensitivity to an error in the length remains.
Figure 3.31: Varying the length for d± 100 nm for two varactor matching circuits.
As with the lumped matching circuit, we will take a look at the in-
fluence of noise in the tunnel junction capacitance and resistance on the
reflection graph in the form of ∆ΓCL and ∆ΓRL. In table 3.2 their values are
shown with respect to resonance frequency if the circuit were tuned to the
Cvar for maximal bandwidth. Higher frequencies with more bandwidth
clearly have the disadvantage of a bigger ∆ΓCL. ∆ΓRL remains the same
for all frequencies.
Frequency (GHz) ∆ΓCL ∆ΓRL
1.0 0.686 0.333
3.0 0.943 0.333
5.0 0.978 0.333
10.0 0.994 0.333
15.0 0.998 0.333
21.2 0.999 0.333
Table 3.2: ∆ΓCL and ∆ΓRL corresponding to several tuning frequencies (with Cvar
for maximal bandwidth).
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Furthermore ∆ΓCL at one frequency does not depend on the value of
Cvar.
In the future, if the distributed circuit is what we wish to pursue, there
are clearly several things to keep in mind in order to pick the most ideal
circuit, and a balance needs to be found between bandwidth and STM
capacitance noise. In Chapter 5 a summary of the distributed matching
circuits is given.
28
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3.3.3 Attenuation constant
In this Section we include in the simulations the attenuation constant α,
mentioned briefly in Section 2.2.2. The attenuation constant is measured in
Nepers per meter (1 Np≈ 8.7 dB) and dictates the loss of signal in the line.
The losses of transmission lines tend to increase with frequency due to the
skin effect in metals and increasing dielectric loss [6]. Using equation (2.9)
for the impedance of the load and the stub, we plot the reflection graphs of
the varactor tuning circuit for multiple values of α. The following graphs
all have a resonance frequency of 5 GHz and Cvar = 1.87 pF.
In figures 3.32 and 3.33 it can be seen that the value of α clearly neg-
atively impacts the reflection. Around 0.1 Np there is still a visible reso-
nance peak, but above 1 Np the reflection has increased to almost 1.
Figure 3.32: Varactor stub reflection
graph for small values of α
Figure 3.33: Varactor stub reflection
graph for big values of α
Looking over a broader frequency spectrum in figures 3.34 to 3.38, an
increasing α reshapes the reflection curve until the resonance peak disap-
pears completely. Around α = 5 Np, there is no longer a minimum in the
reflection and therefore no resonance frequency. It can also be seen that
the resonance frequency shifts up as α increases.
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Figure 3.34: Varactor stub reflection
graph for α = 0.1 Np
Figure 3.35: Varactor stub reflection
graph for α = 1 Np
Figure 3.36: Varactor stub reflection
graph for α = 2 Np
Figure 3.37: Varactor stub reflection
graph for α = 5 Np
Figure 3.38: Varactor stub reflection
graph for α = 10 Np
Lastly we have a look at Γ at resonance, ∆ΓCL and ∆ΓRL with respect to
α in figures 3.39 to 3.41. Higher values of α clearly result in a lot of reflec-
tion. However they also make for less prominent changes in the reflection
30
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graphs due to noise. It seems that for an α between 6.8 mNp and 38 mNp
∆ΓRL is greater than ∆ΓCL. This may be circuit dependent, and only be in
case of Cvar = 1.87 pF at 5 GHz, but it is an interesting effect nonetheless.
Figure 3.39: Γ at resonance with re-
spect to α
Figure 3.40: ∆ΓRL and ∆ΓCL, scaled
by transmission, with respect to α
Figure 3.41: Ratio of ∆ΓRL and ∆ΓCL
with respect to α
We conclude that α has all sorts of unwanted, and possibly some pos-
itive effects on the matching circuit. Examples of calculating alpha for
transmission line circuitry are given Section 4.1. Section 5.3 addresses
ways of achieving a lower α.
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Chapter4
Experimental circuits
To touch upon the actual implementation of a distributed matching circuit,
this Chapter is going to investigate the uses of Printed Circuit Board (PCB).
PCB is made out of a panel of a material with a certain dielectric constant
that is coated on both sides with a thin layer of a conductive material. It
is easy to assemble small circuitry with PCB, hence its widespread use in
microchip fabrication. Transmission lines can also be created with it. In
our case FR-4 is used which has glass as a substrate and copper as the
conductor.
In short, the process of making a transmission line (or any other elec-
tronics) out of PCB is done by etching - a photolithographic process. First
a coat of UV-sensitive lacquer is applied to one or both sides of the panel.
Next, using a mask to protect parts of the lacquer, UV light is shone upon
it. Uncovered lacquer is affected by the light. An alkaline solution then
removes the parts of the lacquer that were altered. Lastly an acid is used
to corrode the copper that is not protected by residual lacquer.
4.1 Transmission lines: microstrip and coplanar
waveguides
We will discuss here two types of transmission lines that can be made
with PCB. The first one is the microstrip line and the second one is the
coplanar waveguide, used in Hellmu¨ller et al. [6]. 3D representations
of the microstrip and coplanar waveguide (CPW) are shown in figure 4.1.
Both have a substrate of thickness h with dielectric constant er and a center
conductor of width W. For a microstrip the ground plane is on the bottom
of the substrate, for a CPW there are ground planes in the same plane as
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the center conductor, separated from it by a distance G.
Figure 4.1: 3D representations of Microstrip and CPW waveguides. Reproduced
from [9]
The velocity of electrical waves in transmission lines depends on the
effective dielectric constant ee of the line, which in turn depends on the ma-
terials and geometry of the waveguide:
v =
c√
ee
.
Here c is the speed of light.
Microstrip is a popular type of planar transmission guide because it is
easy to design and fabricate with the aforementioned photolitographic
processes. The attributes of this line (effective dielectric constant and char-
acteristic impedance) can be approximately calculated using the following
formulas: (from Pozar, Chapter 3 [5])
ee =
er + 1
2
+
er − 1
2
1√
1+ 12h/W
and the characteristic impedance of the line is:
Z0 =

60√
ee
ln
(
8h
W
+
W
4h
)
for W/h ≤ 1
120pi√
ee [W/d + 1.393+ 0.667ln(W/h + 1.444)]
for W/h ≥ 1.
Coplanar waveguides can be fabricated in the same way as microstrip
waveguides. The approximations for the effective dielectric constant and
characteristic impedance of CPW are: (from Qucs [10])
ee = 1+
er − 1
2
K(k2)
K′(k2)
K′(k1)
K(k1)
,
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Version of June 30, 2017– Created June 30, 2017 - 13:19
4.1 Transmission lines: microstrip and coplanar waveguides 35
Z0 =
30pi√
ee
K′(k1)
K(k1)
,
where:
k1 =
W
W + 2G
k2 =
sinh
(
piW
4h
)
sinh
(
pi(W+2G)
4h
) k′ = √1− k2
K′(k)
K(k)
=

ln
(
21+
√
k′
1−√k′
)
pi
for 0 ≤ k ≤ 1√
2
pi
ln
(
21+
√
k
1−√k
) for 1√
2
≤ k ≤ 1.
The attenuation constant α can also be calculated for microstrip and
CPW. It also depends on the materials of the PCB and the geometry of the
waveguides and it has two terms: the attenuation due to dielectric loss αd
and the attenuation due to conductor loss αc. In a microstrip they are:
αd =
pi f er(ee − 1)tanδ
c
√
ee(er − 1)
,
αc =
Rs
Z0W
,
where tanδ is the dissipation factor of the PCB, Rs =
√
ωµ0/2σ is the
surface resistivity of the conductor, σ is the conductivity of the conductor
and µ0 is the magnetic the permeability of the vacuum = 1.2566 µHm−1
[5].
The αd of CPW is identical to the αd of microstrip and:
αc =
Rs
√
ee
480piK(k1)K′(k1)(1− k21)
×
(
2
W
[
pi + ln
8piW/2(1− k1)
t(1+ k1)
]
+
1
G +W/2
[
pi + ln
8pi(G +W/2)(1− k1)
t(1+ k1)
])
.
The variable t in this case represents the thickness of the conductor on
the substrate.
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4.2 Resonator prototype
Our goal is to build resonator, as a first step towards the creation of a dis-
tributed matching circuit. A resonator is supposed to only let through sig-
nal of a chosen resonance frequency f0, reflecting other signals, effectively
making a band-pass filter. Resonance in a planar transmission guide can
be achieved by creating an electrical cavity. The size l of the cavity de-
pends on f0:
l =
λ
2
,
λ being the wavelength of f0. They are related as λ = v/ f0. Signals of
which the frequency is a multiple of f0 will also resonate, so the resonator
will transmit signals for which:
f = f0n n ∈N.
Other signals that enter the resonator cavity interfere destructively with
themselves and are thus reflected. The PCB resonator is created by making
two small gaps in a transmission line, so that the space between them acts
as the cavity.
The PCB we use has a thickness h = 0.86 mm, a dielectric constant of
the substrate er ≈ 4.4 and a dissipation factor tanδ = 0.016 at 1 Ghz [11].
Also the conductance of the copper is known: σcopper = 59.5 MΩ−1m−1 at
room temperature [12].
Connectors can easily be soldered onto the PCB to connect to 50Ω coax
cables. To avoid an impedance mismatch for our resonator, the transmis-
sion lines should be engineered to also have a characteristic impedance of
50Ω. We will aim to make a resonator for 4 GHz, because at that frequency
the cavity length is of manageable size (around 2 cm). Thickness t of the
conductor is estimated to be 10 µm. Under these conditions the following
numbers are found for possible resonators:
Microstrip: W = 1.65 mm, Z0 = 50.1 Ω and ee = 3.33, v = 1.64 ×
108 ms−1 = 0.55c, λ/2 = 20.5 mm.
These values result in the attenuation constants:
αd = 2.0420 Npm−1, αc = 0.1971 Npm−1, α = 2.2391 Npm−1.
CPW: W = 1.6 mm and G = 0.16 mm, Z0 = 50.0 Ω and ee = 2.45, v =
1.91× 108 ms−1 = 0.64c, λ/2 = 23.9 mm.
These values result in the attenuation constants:
αd = 1.4815 Npm−1, αc = 0.1269 Npm−1, α = 1.6085 Npm−1.
36
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4.2.1 Measurements
With the values calculated in the previous Section, a resonator was con-
structed, shown in figure 4.2. The microstrip configuration is chosen, be-
cause the photolithography mask is made with a laser printer, which does
not have the resolution for creating sub-millimeter structures required for
a CPW. The microstrip resonator looks like a coplanar waveguide, but
since the thickness of the substrate is much smaller than the width of the
center conductor plus the lanes next to it, the resonator will function as if
it were simply a microstrip.
Figure 4.2: The built resonator
This section will contain an explanation of the measurements performed
with the resonator. The sizes of the measurement cables and the dimen-
sions of the PCB are mentioned in tables 4.1 and 4.2, because it is possible
that the signal will resonate in those cavities and therefore measurements
might show more resonance frequencies than intended. These frequencies
depend on the wavespeed of the signal which for the thick coax cables is
0.67c, for the thin coax cables is 0.7c [13] and for the microstrip PCB was
calculated to be 0.55c.
Cable Length Propagation speed Corresponding frequency
Thick coax 950 mm 0.67c 106 MHz
Long thin coax 390 mm 0.7c 296 MHz
Short thin coax 200 mm 0.7c 525 MHz
Table 4.1: Dimensions of the connector cables of the measurement setup, with
possible resonance frequencies.
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Dimension Length Frequency (v = 0.55c) Frequency (v = 0.58c)
A 43.4 mm 1.90 GHz 2.01 GHz
B 33.6 mm 2.46 GHz 2.59 GHz
C 15.2 mm 5.43 GHz 5.72 GHz
D 5.75 mm 14.3 GHz 15.1 GHz
E 20.5 mm 4.02 GHz 4.24 GHz
Table 4.2: Dimensions of the PCB as named in figure 4.2, with possible resonance
frequencies.
The results of the measurements are shown in figures 4.3 and 4.4, with
their respective linear plots in figures 4.5 and 4.6. Resonance frequencies
in the reflection graph are of 87.7 MHz (little oscillations) and 467 MHz
(slightly bigger oscillations) and a peak is visible at 4.25 GHz. In the trans-
mission graph a peak is also visible at 4.25 GHz. Other resonance frequen-
cies are difficult to distinguish.
Figure 4.3: Logarithmic plot of the reflection of the resonator with respect to fre-
quency
Figure 4.4: Logarithmic plot of the transmission of the resonator with respect to
frequency
38
Version of June 30, 2017– Created June 30, 2017 - 13:19
4.2 Resonator prototype 39
Figure 4.5: Linear plot of the reflec-
tion R of the resonator with respect
to frequency
Figure 4.6: Linear plot of the trans-
mission of the resonator with respect
to frequency
In both of the graphs the resonance peak appears not on the 4 GHz
mark, but a little away from it at 4.25 GHz. The linear plots show those
resonance peaks a little more clearly. The shift of the resonance frequency
means that the waves actually travel faster than calculated, their speed
being 0.58c. The resonance frequencies in the PCB for this higher wave
speed are also shown in table 4.2.
Resonance frequency Length for v = 0.67c Length for v = 0.7c
87.7 MHz 1.15 m 1.20 m
467 MHz 215 mm 225 mm
Table 4.3: Possible resonance lengths associated with the found resonance fre-
quencies in the reflection graph.
Since the resonances of 87.7 MHz and 467 MHz are seen in the reflec-
tion graph, they have been reflected by the PCB and may have resonated
inside the coax cables. The wavelengths of the mentioned resonance fre-
quencies (table 4.3) are similar in size to the thick coax and the short thin
coax so we assume them to be a result of internal reflections of those ca-
bles. The peaks other than at 4.25 GHz in the transmission graph remain
unexplained. The frequencies corresponding to the dimensions of the PCB
(table 4.2) seem not expressed in the measurement graphs.
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Chapter5
Discussion
In this last chapter we give a summary of the matching circuits and an
outlook on further development of the GHz STM circuit. The overview
of the characteristics of the simulated lumped and distributed circuits can
be used in the future to choose an appropriate matching method. The
suggestions of ways to lower α are useful in determining the requirements
of a final matching circuit.
5.1 Lumped matching circuits
Ideal simulations of the lumped matching circuit allow for a bandwidth of
around 60 kHz, at a resonance frequency of 1 GHz and with ∆ΓCL = 0.686
and ∆ΓRL = 0.333. For these numbers however, parasitic capacitances have
not been taken into account. A problematic factor of these circuits is that
the wavelength of a signal of 1 GHz is 20 cm. This breaks the assumption
that voltage and current do not vary over the dimensions of the circuit and
therefore the idealized simulation will also not work precisely as intended.
The difference between the L- and Π-section is that the Π has a degree of
freedom in choosing the circuit parameters. However the parameters that
produce the most bandwidth, make for a Π-section that behaves just like
the L-section.
The resistance of the inductors in the circuits hinders the transmission
of signal. Lower values of this resistance are thus desirable. A possibly
beneficial effect of the inductor resistance is that it might reduce ∆ΓCL rel-
ative to ∆ΓRL.
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5.2 Distributed matching circuits
The distributed matching circuits do take into account the voltage and
current fluctuations over the dimensions of the circuit as opposed to the
lumped circuits. The short stub matching circuit is not practically realiz-
able due to the small size of stub needed for proper matching. The varactor
stub matching circuit allows for lengthening of this stub. The best possi-
ble bandwidth for which the stubs are longer than 1 mm (7.5 kHz), can be
achieved at a tuning frequency of 21.2 GHz. This bandwidth is less than
the bandwidth of the lumped circuits of 61 kHz. Increasing tuning fre-
quency unfortunately increases ∆ΓCL, so a bigger bandwidth comes with
a drawback. The circuits also have the disadvantage that creating a stub
of which the length slightly deviates from the calculated value shifts the
resonance frequency significantly.
The attenuation constant of the distributed matching circuit α should
be as low as possible. The α of our microstrip resonator for example is 2.2
Np/m and values of this magnitude can cause a stub matching circuit to
stop working completely. An advantage of the attenuation is possibly that
it can reduce ∆ΓCL relative to ∆ΓRL, but this is dependent on the parame-
ters of the matching circuit.
5.3 Lower attenuation constant
The attenuation constants as calculated for CPW and microstrip made
with our PCB, are both greater than 1. As seen in Section 3.3.3 this leads
to undesirable effects as it diminishes the reflection peak. It is therefore
necessary to explore the possibilities of reducing α.
A copper sample with little impurities can have a conductivity of up
to 100 GΩ−1m−1 as its temperature is lowered to 4 K [14]. This is around
2000 times more than the room temperature conductance. A greater con-
ductivity reduces the conductor attenuation factor αc. Recalculating the
values of αc with the equations from Section 4.1 gives:
αc,microstrip = 0.0048 Np/m and αc,CPW = 0.0031 Np/m,
however αd will stay the same in both cases, not ever allowing for a further
reduction of the total attenuation than:
αmicrostrip = 2.0420 Np/m and αCPW = 1.4815 Np/m.
To cut down αd, either lower values of tanδ are needed, or a change in
values of er and ee. This can be done by changing out the material of the
42
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PCB substrate. For example, (single crystal) sapphire has tanδ between
4×10−5 and 7×10−5, and ee = 9.4 or 11.61 [15]. Using sapphire as the
PCB substrate and copper at 4 K as the conductor it is possible to create a
microstrip transmission line of which the properties are, for example:
er = 11.6, W = 0.69 mm, h = 0.86 mm, Z0 = 50 Ω, ee = 7.6.
This results in the following attenuation constants:
αc = 0.0115 Npm−1, αd = 0.0250 Npm−1, α = 0.0365 Npm−1
(using the least advantageous numbers for tanδ and er), which is already
about 100 times less than the α from before. Similar calculations for CPW
give for the properties:
er = 11.6, W = 0.46 mm, G = 0.25 mm,
h = 0.86 mm, Z0 = 50 Ω, ee = 6.0,
the attenuation constants:
αc = 0.0070 Npm−1, αd = 0.0214 Npm−1, α = 0.0284 Npm−1
(also using the least advantageous numbers), similar to the attenuation of
the microstrip.
Lastly we present an overview with other PCB substrates, some of
which might be used in the future:
Substrate Dielectric constant (er at 1MHz) Loss tangent (tanδ)
Typical FR-4 4.5 0.01 - 0.025
Alumina 99.5% 10.1 0.0001 - 0.0002
Si (high resistivity) 11.9 0.001 - 0.01
GaAs 12.85 0.0006
RT-duroid 5880 2.16 - 2.24 0.0005 - 0.0015
RT-duroid 6010 10.2 - 10.7 0.001 - 0.006
Arlan 1000 10.2 0.0023
Table 5.1: Properties of PCB substrates. Taken from [15] and [16].
1Sapphire is an anisotropic dielectric material with different dielectric constants in two
directions
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5.4 Outlook
Matching an STM at high frequencies is a challenge, especially because
at this frequency, the tip-sample capacitance plays a big role in the total
impedance of the STM.
At the moment, the distributed matching circuit does not seem promis-
ing compared to the lumped matching possibilities, because of the smaller
bandwidth, the sensitivity to capacitance noise and errors in stublength,
and the negative influence of even small values of α.
In the choice of which circuit is the best one, there are many factors
to be taken in consideration. For example one could choose for a smaller
bandwidth in order to be less sensitive to the STM capacitance fluctua-
tions. In addition, the fabrication of sub-millimeter stubs might lead to
matching circuits with more bandwidth.
In this thesis, due to lack of time I have not discussed the possibilities
of tuning the resonance frequency with the variable varactor diode capac-
itance, but I consider this a useful investigation to perform. As a next step,
I propose to build an actual distributed matching circuit on PCB for test-
ing purposes, taking into account that creating a configuration with a low
attenuation constant is a priority.
44
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